The e ectiveness of a hyperspectral imaging system integrated on an enhanced dark-eld microscope for probing the microscale morphology of model poly(3-hexylthiopene): [6,6]-phenyl-C -butyric acid methyl ester (P3HT:PCBM) blends is demonstrated. This non-contact technique provides both spectral and spatial information in one measurement, providing an e ective mapping of the presence and location of the component materials in the investigated P3HT:PCBM blends spincoated over di erent substrates (zinc oxide, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate). The hyperspectral analysis accounts for the micro-scale morphology of P3HT:PCBM blends, even in case of high lm roughness, and the quantitative determination of blend components reveals a preferential accumulation of the lowenergy material (P3HT) at the interface with air, con rming the ndings reported with other mapping techniques.
Introduction
Organic photovoltaic technology is attracting a great attention, due to its potential for low cost production and easy manufacturing of exible and light-weight modules [1] . So far, organic solar cells showing the highest power conversion e ciency (PCE) rely on the so-called bulk-heterojunction approach (BHJ) [2, 3] , consisting of a bi-continuous composite of an electron-donor (D) and an electron-acceptor (A) material. The PCE of solutionprocessed BHJ solar cells, made of a π-conjugated polymer as donor and a soluble fullerene derivative as acceptor, has passed 9% for single-junction devices, [4] [5] [6] while the certi ed record PCE of tandem structures currently exceeds 10% [7] . The rapid progression of the performance of BHJ solar cells during the last years has been due to the preparation of active materials with tailored electronic properties for the photovoltaic application [8] , as well as to the ne control over the morphology of the interpenetrating D/A network [9] [10] [11] . Indeed, a number of processes, relevant to the behaviour of BHJ cells, are strongly a ected by the morphology of the mixed active layer, such as exciton dissociation, charge carrier transport and recombination rate [12] . Over the years, various protocols have demonstrated their e ectiveness in improving the morphology of polymer/fullerene active layers, such as thermal treatments [13] , solvent treatments [14] and processing with suitable additives [15] . Nowadays it is well ascertained that a certain degree of segregation of the two components is bene cial for the performance of BHJ solar cells [16] and that, for a given D/A pair, the optimum morphology is that providing the best trade-o between high generation of free carriers and good transport properties for both positive and negative carriers through the donor and the acceptor phase, respectively. Given the crucial role of blend morphology, it is not surprising if any established type of investigation technique is used to get more insight into the morphology of BHJ solar cells [17] . Hyperspectral imaging is a rapidly growing tool in the eld of nanomaterials and biomedical applications [18] [19] [20] . This study shows the e ectiveness of a hyperspec-tral enhanced dark-eld microscopy (EDFM), consisting of an enhanced dark-eld illumination system attached to a standard light microscope, for probing the microscale morphology of polymer/fullerene blends. This technique provides both spectral and spatial information in one measurement [21] through the analysis of scattered light at pixel-by pixel level. Samples are imaged by acquiring hundreds of continuous wavelengths or bands, producing extensive spatial and spectral data for each pixel. Hyperspectral EDFM is speci cally designed to give quantitative mapping of surfaces and material identi cation for inhomogeneous samples [18, 22] as the case of organic photovoltaic blends. A model blend was chosen for this study, made of regioregular poly(3-hexylthiophene) (P3HT) as electron-donor and [6, 6] -phenyl-C -butyric acid methyl ester (PCBM) as electron-acceptor. Indeed, key progresses in the understanding of the behaviour of BHJ solar cells have been made by investigating P3HT:PCBM blends, with subsequent signi cant improvement of device performance. Though the frontier molecular orbitals of P3HT are not optimized for the photovoltaic application [23] , P3HT:PCBM blends are still deeply investigated for addressing fundamental issues of polymer/fullerene interpenetrating networks.
We show that the fast EDFM inspection of P3HT:PCBM blends e ectively accounts for their micro-scale morphology, even in case of high lm roughness. Though the behaviour of BHJ solar cells is mainly determined by the nanoscale morphology of the blended active layer, the observation of morphology at the micro-scale may provide some complementary information. For example, the formation of fullerene microcrystals is believed [24] to be the possible cause of shorts in P3HT:PCBM solar cells, that would a ect the device lifetime [25] . In addition, it has been demonstrated that the presence of micro-size PCBM aggregates decreases the local e ciency of this kind of cells [26] , so the accurate monitoring of these microaggregates is less trivial than can be thought [24, 27] . Furthermore, the hyperspectral imaging function, integrated onto the EDFM system, is able to provide the spectral analysis of the samples, enabling an e ective mapping of the presence and location of the component materials in the investigated P3HT:PCBM blends.
Experimental Section
. Sample preparation Regioregular P3HT was obtained from Plextronics while PCBM from Sigma-Aldrich. P3HT:PCBM blends (1:1 wt/wt) and lms made of pristine P3HT and PCBM were deposited under ambient conditions from chlorobenzene solutions (30 g L − ) onto di erent substrates:
i) microscope glass slides; ii) Indium-Tin-Oxide (ITO) slides coated with a layer of low conductivity poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PE-DOT:PSS) (Clevios P VP AI 4083); iii) ITO slides coated with a layer of high conductivity PEDOT:PSS (Clevios PE-DOT PH500); ITO slides coated with a 40 nm thick layer of ZnO, prepared as elsewhere reported [28] . PEDOT:PSS layers were spin-coated at 4000 rpm onto UV-ozone-treated ITO substrates to a thickness of around 40 nm, then baked in an oven at 140
• C for 10 min. Glass and ITO slides were previously cleaned in detergent and water, then ultrasonicated in acetone and isopropyl alcohol for 15 min each. The P3HT:PCBM solutions were stirred at about 45 • C for 3 days and 3 nights before spin-coating at 1400 rpm. Thermal annealing was performed in a glove-box lled with argon gas, by placing the samples on a digitally controlled hotplate previously heated at 150
• C. After the annealing process, the samples were cooled to room temperature before removing from the glove-box.
. Enhanced dark-eld microscopy and Hyperspectral imaging
Samples were visualized, in air and at room temperature, via their light scattering using an enhanced dark-eld illumination system (CytoViva, Auburn, AL) attached to an Olympus microscope. Spectral data were analysed by using the CytoViva Hyperspectral analysis software program (ENVI 4.4 and ITT Visual Information Solutions). Hyperspectral imagery is typically collected (and represented) as a data cube with spatial information collected in the X-Y plane, and spectral information represented in the Z-direction. Image processing and analysis involved some steps necessary for building the spectral libraries (spectral endmembers). The spectral endmembers were obtained by the selection of a region of interest on the scanned sample. When the characteristic spectral endmembers from pristine P3HT and PCBM lms were identi ed, they were saved into a spectral library by the ENVI software for the subsequent spectral mapping of the hyperspectral images of other samples. Finally, Spectral Angle Mapper (SAM) was employed to measure the similarity between the image pixels and the endmember pixels. SAM implements by calculating the angle between the image and endmember spectra, treating them as vectors in n-D space where n represents the number of bands. The best match was achieved when the angle between endmember and sample spectra was the least. This method is insensitive to illumination since the SAM algorithm uses only the vector direction and not the vector length.
. Atomic Force Miscroscopy and standard light microscopy
The same P3HT:PCBM lms used for EDFM investigations were also examined by using tapping-mode atomic force microscopy (Veeco, Multimode IIID Microscope) as well as standard light microscopy (Nikon Eclipse LV150), for comparison with enhanced dark eld microscopy. All images were taken in air and at room temperature.
Results and Discussion
P3HT:PCBM lms deposited onto glass slides were rst imaged via their light scattering by using the EDFM system and were also examined by using Atomic Force Microscopy (AFM) as well as standard light microscopy, for comparison. As cast and thermal annealed blends at 150
• C were observed with the three di erent techniques.
The images of blends prepared with a donor to acceptor weight ratio (D:A) of 1:1 are shown in Figure 1 . Thermal annealing has been the rst proposed approach to control the nanoscale morphology of polymer/fullerene interpenetrating networks and it is particularly e ective for P3HT:PCBM blends [29] . A range of "optimum" annealing temperatures and times has been reported over the years for P3HT:PCBM solar cells and it has been shown that the optimum annealing conditions are dependent on the molecular weight of the P3HT sample [30] . 5% efciency devices have been demonstrated upon a postproduction thermal annealing at 150
• C for 30 min [13] .
During the annealing process a reorganization of the polymer/fullerene interpenetrating network takes place, evolving toward more crystalline and separated donor and acceptor phases. Depending on the annealing temperature and time, the formation of PCBM aggregates with size up to tens of micrometers have been observed [31, 32] , as also shown in the images of Figures 1d-1i for annealed blends. The bright spots in the EDFM image of the unannealed lm ( Figure 1a ) stem from the formation of crystalline aggregates, re ecting light more e ciently. These aggregates can be likely ascribed to PCBM, known for its tendency to crystallize even in as-cast thin lms [33] . Upon annealing, the growth of micrometer-sized PCBM clusters was observed (Figure 1d ), increasing as the annealing time was prolonged (Figure 1g ). Both EDFM and AFM clearly account for this expected evolution of the micro-scale morphology of P3HT:PCBM blend. Concerning the comparison with common light microscopy, the enhanced darkeld illumination system dramatically improves both contrast and signal-to-noise ratio, as shown in Figure 1 . This occurs thanks to an advanced optical illumination systems of the used microscope that achieves higher light e ciency, higher contrast and then better resolution in comparison with a conventional dark eld. The formation of aggregates induced by thermal annealing is also dependent on the blend composition, that is on the donor to acceptor ratio [32] . As expected, the morphology evolution of P3HT:PCBM blends prepared in 1:4 weight ratio and deposited onto glass substrate, shown in Figure 2 , appeared very di erent from that observed with a fullerene content of 50% by weight. For this fullerene-rich blend, EDFM analysis revealed more insight into the morphology of the annealed lms. Indeed, the root-mean-square roughness of the blends, as determined by AFM, dramatically increased upon annealing, starting from 17 nm for the untreated blend and reaching 84 and 99 nm upon annealing for 30 min and 2 h, respectively. In these conditions, the AFM technique clearly visualized the branch- shaped peaks but was less e ective in the detection of the structure of the valleys of the sample surface, appearing at in the AFM images (Figures 2e and 2h) . Di erently, EDFM images of annealed lms (Figures 2d and 2g) showed a complex texture, more de ned for the lm annealed for 2h, consisting of networks of fans, expected at high fullerene content and for prolonged annealing at high temperatures [32] . The spectral analysis was rst conducted on pristine lms, in order to build a spectral library, which was subsequently used for the spectral mapping of both pristine and blend samples. The spectral signatures of pristine materials changed upon annealing. It was particularly evident for PCBM aggregates (Figure 3) , whose scattered light gave rise to six spectral endmembers upon annealing (Figure 3d) , three of which also found for as cast lms (endmembers 1-3 ). This agrees with an increased structuring of the annealed material. The e ectiveness of the matching tool was proved by using those spectral endmembers onto image scenes of pristine PCBM lms. The SAM classi cation images showed the distribution of all the PCBM endmembers in the images (Figure 3e, 3f and 3g ) and the quanti cation of their relative abundance (Figure 3h) , indicating that three of the six spectra (endmembers 4-6) mainly contribute to the total scattering of annealed PCBM (for about 75%, unchanged by prolonging the annealing time). As a consequence, the spectral patterns 4-6 can be considered the most representative for the observed fullerene crystalline aggregates. The possibility of associating a spectral library with the aggregated states of PCBM indicates the capability of the hyperspectral analysis to account for the structural evolution of the material. Concerning P3HT, the scattering properties of as-cast samples gave rise to two spectra, while a third one was obtained upon annealing. Those endmembers led to a satisfactory mapping analysis of both pristine and annealed lms, as shown in Supporting Information ( Figure S1 ). The spectral libraries obtained from pristine materials were successively used for the spectral mapping of blend lms. Fullerene aggregates were observed at the microscale even in as-cast lms prepared in 1:1 weight ratio (Figure 4b , PCBM aggregates indicated as red areas), but being much more abundant in blends containing 80% of PCBM (Figure 4f) , as expected. On the contrary, numerous areas matching the spectral signature of P3HT were visible in 1:1 as-cast blends, while they were smaller and rare in 1:4 as-cast lms. The e ectiveness of the hyperspectral imaging of this kind of blends is clearly demonstrated by the excellent mapping of PCBM aggregates in thermal annealed lms (Figures 4d and 4h) , in which a relevant phase segregation was induced and a direct correla- tion with the related EDFM images (Figures 4c and 4g , respectively) is possible. Furthermore, the few areas matching the spectral pro le of P3HT in the annealed samples were found close to fullerene aggregates. This is consistent with PCBM-depleted regions surrounding the PCBM aggregates, containing almost pure P3HT, as previously reported [31, 32] . The black background in the spectral mapping of Figures 4b, 4d, 4f and 4h corresponds to the areas for which the image pixels are dissimilar from the endmember pixels of pristine materials. This can be due to the mixing of the two components at a non-accessible length-scale and/or to aggregation forms di erent from those in pristine lms. In most cases, the scattering properties of these areas gave rise to a spectrum, di erent from those of pristine materials, which was able to account for a signi cant portion of the unresolved background (as an example, see Figure S2 in the Supplementary Information). It is worth noting that the morphology of P3HT:PCBM blends is also known to be a ected by the surface energy of the substrate [34] , so the micro-scale morphology of the blends spin-coated onto glass slides, could be di erent from that exhibited by the active layer of real solar cells, deposited onto di erent substrates. For this reason the investigation was extended to P3HT:PCBM blends deposited onto substrates of interest for the photovoltaic application: ITO coated with PEDOT:PSS or zinc oxide. Low conductivity PEDOT:PSS is frequently used to improve the selectivity of ITO hole-collecting electrode in BHJ solar cells [35] and sometimes its most popular highconductivity formulation, PEDOT PH500, is reported for this purpose [13] . ITO/ZnO is mainly used as the transparent electron-collecting contact in inverted solar cells [35] . While more than 90% of the EDFM images of as-cast lms deposited onto ITO/PEDOT:PSS or ITO/ZnO could not be well matched (Figure S3 ), a good spectral mapping was obtained upon annealing, as shown in Figure 5 . Nine endmembers were used to map the annealed samples, but only four resulted to give a signi cant contribution to the SAM of the hyperspectral images: three for P3HT and one for PCBM (Figures 5d and 5e ). The nding of only one spectral signature for PCBM in the spectral mapping suggests that the morphology and/or aggregation form of PCBM was extremely similar for the blend deposited onto the three di erent substrates, at least in the areas far from the big crystalline aggregates, reasonably ascribable to PCBM and visible in all three samples (bright areas in Figures 5a-c , corresponding to the black areas in the spectral mapping of Figures 5f-h, spectrally unresolved because of their extremely high brightness). Di erently, the spectral features of P3HT surrounding the big crystalline formations (green and white areas in Figures 5f-h) , that is the PCBM-depleted areas, are slightly di erent from that prevailing in the more uniform PCBM-rich parts of the samples (orange areas in Figures 5f-h) . At a glance, the spectral mapping of Figures 5f-h seemed to reveal a di erent surface composition of the annealed blend deposited onto the di erent substrates, so, the relative contributions of the donor and the acceptor to the total scattering was roughly estimated (the sum of the contribution of each spectral pro le used for the spectral mapping was considered for P3HT). The results are shown in Figure 6 , also including the contributions obtained for the blend deposited onto a glass slide for comparison. As expected, the substrate a ects the relative abundance of the spectral signatures of P3HT and PCBM in the mapping of the blend surface. On the basis of the spectral mapping of Figure 5 , P3HT mainly contributes to the total scattering of the annealed lms when deposited onto ITO/PEDOT:PSS or ITO/ZnO substrates (>60%, Figure 6) , while the spectral features of PCBM prevails if the high-conductivity PEDOT PH500 is used ( Figure 6 ). A balanced contribution of the donor and the acceptor spectral signatures was only observed for the annealed blend deposited onto glass. A blend composition at the free-air sur- face richer in the donor component in P3HT:PCBM lms deposited in 1:1 weight ratio on PEDOT:PSS or ZnO is consistent with previously reported results [34, [36] [37] [38] . This involves a non-uniform distribution of the blend components in the vertical direction. If an acceptor-rich composition at the substrate interface is hypothesized corresponding to the P3HT-rich free-air surface, the resulting vertical segregation of the donor/acceptor bi-continuous network should be more favourable for inverted solar cells, in which the ITO/ZnO substrate acts as the collector of negative charge carriers. On the contrary, that vertical segregation of the blend would not be optimal for solar cells made in the conventional architecture, usually deposited onto ITO/PEDOT:PSS used as hole collecting electrode. This behaviour of the P3HT:PCBM blend deposited on PE-DOT:PSS or ZnO has been attributed to the tendency of P3HT, with lower surface energy compared to the fullerene derivative [39] , to be preferentially attracted at the interface with air, while the high surface energy component (PCBM) tends to segregate at the hydrophilic bottom interface (i.e, PEDOT:PSS or ZnO) [34, [36] [37] [38] [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] , al- though opposite conclusions have been reported in some cases [53] . Annealing [34, 49, 50] or slow drying of the spincoated lms [44, 50] have been found to be responsible for the migration and clustering of a portion of PCBM to the top surface. Studies on the blend vertical segregation have been carried out by using a variety of techniques, including optical absorption [49] , atomic force microscopy [48] , variable angle spectroscopical ellipsometry [34, 45, 50] , scanning electron microscopy [47] , transmission electron microscopy [36] , electron tomography [53] , electron spectroscopy for chemical analysis [44] , dynamic secondary ion mass spectrometry [46] , X-ray photoelectron spectroscopy [40-42, 46, 51] , near edge X-ray absorption ne structure [43] , grazing incidence X-ray di raction [45] , neutron re ectivity [46, 52] . Recently, Mauger et al [37] . reported a critical summary on this subject. Some of these techniques give a detailed picture of the vertical distribution pro le of the blend components, while others, including EDFM imaging discussed here, can provide a quantitative picture of the sample surface and an indirect qualitative information on the bulk. The ndings reported in our study con rm the picture provide by other investigation techniques, with P3HT composing about 65% and 75% of the material accumulated on the top surface of the blend when PEDOT:PSS or ZnO substrates are used, respectively. In addition, on the basis of our data, the improper vertical distribution of the blend components for P3HT:PCBM lms deposited on PEDOT:PSS can be reversed if the highconductivity PEDOT PH500 formulation is used. PCBM accumulated on the top surface in increased from about 35% to about 70% by substituting PEDOT:PSS with PEDOT PH500, as shown in Figure 6 . Since the two PEDOT:PSSs have similar physico-chemical properties (apart the conductivity) and nearly identical hydrophilic-hydrophobic characteristics, the origin of this striking di erence is not clear yet and will be the subject of future studies.
Conclusions
In summary, the hyperspectral imaging integrated on the EDFM system provided an e ective and very fast inspection of P3HT:PCBM blends at the microscale. Being a noncontact technique, it successfully revealed the complex fan-like structure of high-roughness blends made with high PCBM content. The hyperspectral functionality allowed the mapping of the composing materials, also revealing the P3HT-rich areas surrounding PCBM aggregates in thermal annealed blends. Indications on the material re-organization upon annealing, as well as on the evolution of crystalline aggregates, were provided by the variation of their spectral features, very sensitive to aggregation.
The quantitative determination of blend components reveal a preferential accumulation (65-75%) of the lowenergy material (P3HT) at the interface with air, while PCBM is concentrated at the interface with the hydrophilic substrate (ZnO or PEDOT:PSS), con rming the ndings reported for other mapping techniques.
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